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Abstract This study examines diurnal variations of lightning flash characteristics observed by the Lightning
Mapping Array in São Paulo, Brazil. The diurnal flash counts exhibit the typical afternoon convective
maximum. The mean source altitude demonstrates a discrete increase that is temporally coincident with
the local sunrise. The mean horizontal and vertical flash extents each attain a maximum (minimum) around
local sunrise (afternoon, i.e., 13:00–17:00 local solar time). In addition, joint histograms of flash horizontal
and vertical extents show that the majority of the flashes occurring during the afternoon convection are
shorter and more comparable in size, and the differences between the horizontal and vertical extents are
reduced. Conversely, flashes preceding and following the peak in afternoon convection are less symmetric,
with larger horizontal than vertical extents. We discuss whether these observations could be partially
explained by the diurnal variations in the convectively induced mixing regimes that control thundercloud
charge regions and associated charge separation distances. The documented diurnal flash characteristics
closely match recently published findings on the diurnal variation of the peak currents of cloud-to-ground
flashes. Possible physical mechanisms for these observations are discussed.

1. Introduction

The temporal and regional variations in lightning flash characteristics are ultimately linked to the spatial
scales at which they are studied. On the storm scale, the temporal variation of lightning flash rates exhibits
an in-phase behavior with parameters such as updraft, graupel, and ice flux [Goodman et al., 1988;
MacGorman and Morgenstern, 1998; Saunders et al., 2006; Emersic and Saunders, 2010; Carey and Rutledge,
2003; Deierling and Petersen, 2008; Schultz et al., 2011; Bruning and MacGorman, 2013; Chronis et al., 2015a].
On a regional scale, lightning flash rate is related to the diurnal solar heating [Williams and Heckman, 1993;
Williams et al., 2000; Orville and Huffines, 2001; Mach et al., 2011; Cecil et al., 2014; Blakeslee et al., 2013].
Studies over the United States [Changnon, 1988; Zajac and Rutledge, 2001; Orville and Huffines, 2001; Carey
and Rutledge, 2003; Rudlosky and Fuelberg, 2010; Villarini and Smith, 2013; Holle, 2014] and other parts of
the world [Pinto et al., 1999; Chronis et al., 2007; Christian et al., 2003; Abarca et al., 2010; Chronis, 2012; Said
et al., 2013] confirm that the diurnal cloud-to-ground (CG) and intracloud (IC) lightning flash rates over land
typically exhibit a local afternoon maximum.

Surprisingly, lightning flash-related characteristics other than counts (or rates) have been only sparingly cov-
ered by the current literature [Pinto et al., 2003; Abarca et al., 2010; Mach et al., 2010, 2011; Beirle et al., 2014;
Holle, 2014; Blakeslee et al., 2013; Chronis et al., 2015b]. Recent results by Bruning and MacGorman [2013]
demonstrate that the flash activity and flash spatial characteristics are strongly interrelated variables on
the storm scale via the turbulence regime (i.e., environments having stronger turbulence produce smaller
flash sizes and vice versa).

Along these lines, and also following the arguments made in Chronis et al. [2015b], this study postulates that a
diurnal component (i.e., local solar hour) might also be evident in the spatial flash characteristics. This could be
understood as follows: During the early morning hours the mixed layer is constrained by the nocturnal tempera-
ture inversion. In the presence of the gradual increase of shortwave radiation after sunrise, the associated increase
of vertical mixing induced by thermals gives way to rapid mixed-layer vertical growth (~50–100m/min) yielding
higher cloud bases [Soden, 2000; Betts et al., 2002; Zhang and Klein, 2013]. Latent heat release eventually enables
the updraft parcels to break through the capping inversion allowing them to reach the freezing level so that light-
ning can occur (i.e., as seen by the onset of very high frequency (VHF)-related lightning sources, also shown later
in this study). Although deviations from this behavior on a storm scale may be present, from a climatological
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perspective, the morning (afternoon) storms are expected to relate to weaker (stronger) turbulence regimes not
only in the updraft core but also in its peripheral region. Arguably, the climatological diurnal behavior of turbu-
lence regimes might also enforce additional effects on the thundercloud charges spatial distribution and conse-
quently the flash spatial characteristics. For example, due to the preponderance of high vertical mixing in the
afternoon storms, one could speculate that the collisions between graupel and ice particles in the presence of
supercooled water [Takahashi, 1978; Saunders, 1993] are more frequent; hence, the distances between the elec-
trostatic thundercloud charges are expected to be smaller (in the context of smaller eddies caused by the stronger
turbulence). In contrast, the late night ormorning storms are expected to exhibit more laminar charge distribution
that frequently occurs within convective remnants or frontal storms controlled by the horizontal advection from
the midlevel and upper level. This study’s testable hypothesis will be framed around the diurnal component that
the VHF-flash composing sources might exhibit.

2. Data and Methodology

With the advent of ground-based lightning mapping systems we now have access to a much broader spectrum
of information than the flash’s time and location. The Lightning Mapping Arrays (LMAs, Rison et al., 1999) pro-
vide information about the 3-D spatial distribution of the VHF radiation emitted during the processes that make
up a lightning flash (e.g., the initial breakdown, leader propagation, and other K-processes [Thomas et al., 2004;
Koshak et al., 2004]).

In this study we examine data from the São Paulo, Brazil, LMA (SPLMA [Blakeslee et al., 2013; Machado et al.,
2014]), composed of 12 stations deployed in October 2011 [Bailey et al., 2011] in support of the CHUVA field
campaign (CHUVA—Cloud processes of tHe main precipitation systems in Brazil: A contribUtion to cloud
resolVing modeling; Figure 1). The study period extends from 24 October 2011 to 3 April 2012. The location
accuracy is range-dependent but is relatively constant within ~100 km radius from the SPLMA network center
(typical RMS error ~50–60m [Thomas et al., 2004; Koshak et al., 2004]). Lightning flashes are determined from
the SPLMA network data by clustering at least 5 VHF radiation points (hereafter sources) using both time

Figure 1. The locations of the SP LMA sensors. Adapted from Blakeslee et al. [2013]. The blue circle indicates a 150 km radius
around the SP LMA network.
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and space constraints (3 km and 150ms) between adjoining flash sources [McCaul et al., 2009]. We
consider only sources detected by at least 6 SPLMA sensors with solutions having chi-square< 0.5
[Thomas et al., 2004]

Within a distance of 80 km from the SPLMA network center, 429,536 flashes are identified during the study
period. For these flashes we compute the following averages within each of the 24-hourly local solar time
(LST) bins: (1) mean source altitude, (2) horizontal extent, and (3) vertical extent. The flash horizontal (vertical)
extent represents the maximum horizontal (vertical) distance found between the groups of sources defining
a flash. Note that the LST hourly binning pertains to each flash individually.

3. Results

The diurnal flash variation (i.e., counts; Figure 2a) exhibits an increasing trend after ~10:00 LST, reaching an
hourly maximum around 15:00 LST (102,512 flashes). Thereafter and until the morning hours (~10:00 LST),
the total number of hourly flashes declines to ~40–500 (03:00–09:00 LST). The flash diurnal variation shown
in Figure 2a is also in agreement with numerous ground and space-based global observations [e.g., Pinto
et al., 1999; Chronis, 2012; Holle, 2014].

Interestingly, we observe that the flash-size related parameters (Figures 2b–2d) also exhibit a pronounced
diurnal component. In particular, the diurnal variation of the VHF source altitudes (Figure 2b) exhibits a clear

Figure 2. Two-hour running averages of the diurnal variation (LST, x axis in hours) of (a) flash counts (y axis, counts),
(b) mean of the flash-composing source altitudes (y axis, kilometer), (c) mean horizontal flash extent distribution, and
(d) mean vertical flash extent distribution. Given the temporal span of the study we consider the average local sunrise
around 06:00. This is indicated by the vertical dashed line.
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day-to-night transition, most evident after the local sunrise (~06:00 LST) when the source altitude increases
from ~4 km at sunrise to ~7 km by ~10:00–15:00 LST. This observation likely relates to the dissipation of the
transitional/nocturnal boundary layer discussed in the Introduction section and demonstrates the vertical
convective growth and subsequent electrostatic discharges evident in the VHF spectrum.

Interestingly, the night-to-day transition shown in Figures 2c and 2d reveals additional characteristics
During the nighttime (daytime) hours we observe more (less) horizontally/vertically extended flashes.
In particular, the horizontal/vertical extents are larger during periods preceding and following the peak
in flash count (Figure 2a), reaching a maximum around local sunrise (Figures 2c and 2d), and a minimum
that temporally coincides with the afternoon flash count maximum. This constitutes an important finding
of the previous analysis, in the context that it would have been otherwise unnoticed had the flash counts
been considered exclusively (Figure 2a). Given that the flash size characteristics and counts appear to
follow opposite trends between ~10:00 and 20:00 LST (linear correlation coefficient ~�0.8, not shown),
it could be argued that the two parameters exhibit an “inverse” relationship. However, the relationship
is more complex when viewed for the entire 24 h day given that during the late night (00:00 LST) to
early morning hours (~07:00 LST), the diurnal flash activity (Figure 2a) remains practically constant
(i.e., having less than ~1% variation), whereas the flash size characteristics exhibit their maximum
variation (Figures 2c and 2d).

Given the temporally limited data set, one could argue that the results presented in Figure 2 might not
capture the full meteorological variability of the region, or account for all types of storms. This could be
particularly true for nighttime hours that exhibit the lowest flash counts (see Figure 2a). As a result, the diurnal
averages shown in Figures 2b and 2d might be biased from the sampling of storm(s) of a certain type (e.g.,
multichannel seismic, where spatially extended flashes would be expected; Carey et al., 2005).

Since this study does not engage in individual storm identification (i.e., storm tracking), we compute the
number of individual “flash-days” that contribute to the SPLMA flash counts for each hour (Figure 3).
Figure 3 indicates what has been already highlighted in Figure 2a, that is, the majority of the contributing
flash-days are found during the peak in afternoon convection. Figure 3 also indicates that all nighttime-early
morning periods (00:00–09:00 LST) include 5–10 flash-days apiece, except for 09:00 LST (3 flash-days). While
it could be argued that for these periods the flash-day number might still suggest inadequate sampling,
Figure 3 shows that the data clearly contain multiple storms (i.e., more than one or two) during each hour.

Figure 3. Number of flash-days contributing to each LST hourly bin.
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Additionally, supportive arguments for the representativeness of the findings herein stem from the following
observations:

1. There is a consistent (i.e., monotonic) trend from the high flash-days periods (e.g., 18:00–23:00 LST, i.e., deemed
asmore representative) to the low flash-days periods (e.g., 00:00–05:00 LST, i.e., deemed as less representative)

2. As previously discussed, the behavior of themean source altitude during, e.g., 03:00–09:00 LST, relates to a
physical mechanism that has a well-established diurnal component (i.e., boundary layer night-to-day
transition, see Introduction section)

3. The RMS uncertainties (~50–60m) are significantly smaller than the kilometer-scale diurnal variations in
size shown in Figure 2.

Another possible caveat pertaining to the representativeness of the findings of Figure 2 is that SPLMA
(as well as any other LMA) relies on “line of sight” data acquisition (i.e., VHF sources are sampled only at higher
altitudes as we move farther away from the network center [Thomas et al., 2004]). To further ensure the
statistical robustness of the results shown in Figures 2b–2d we dissect our data set and examine 10 random
selections of 100,000 flashes (i.e., approximately one fourth of our initial data set). These are further grouped
in two concentric areas around the SPLMA center, 0–40 km and 40–80 km. The resulting ranged-binned
diurnal variation “ensemble” is shown in Figures 4 and 5. Although the periods with relatively lower flash

Figure 4. Same as Figure 2 but for 10 realizations that randomly select a subset of the original flash data set (100,000)
between 0 and 40 km from the SP LMA center.
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counts exhibit more noise (e.g., 07:00–09:0 LST in Figures 4 and 5), the overall diurnal trends agree with the
findings noted when the entire data set was considered (see Figure 2). Note that Figures 5b–5d show on aver-
age higher values for flash mean altitude, horizontal, and vertical extents, which is explained by the greater
distance from the SPLMA center (i.e., dependence on line of sight).

To further explore the previous findings, we compute the joint histograms of the horizontal and vertical extents
for every LST hourly bin (Figure 6). For the nighttime through the morning periods (~20:00–10:00 LST), the hor-
izontal spans of flashes are on average approximately double (~9–10 km; Figure 5) their respective vertical
spans (~4–5 km; Figure 6). Conversely, during the time period leading up to the flash count maximum
(~13:00–17:00 LST), the flashes become relatively shorter and more symmetric (i.e., the differences between
the horizontal and vertical dimensions for the majority of the flashes are reduced, see Figure 6). We acknowl-
edge that the hourly bins with low flash counts (e.g., 07:00–09:00 LST, <~100 flashes, see Figure 2) inevitably
limit the representativeness of the data set. Nevertheless, the above-mentioned behavior is also evident for
hourly bins independent of the respective number of flashes (low or high).

4. Discussion

This study has documented a diurnal component in the lightning flashes spatial characteristics derived from
the SPLMA. Late-night to morning (afternoon) storms clearly exhibit spatially extended flashes, even during

Figure 5. Same as Figure 3 but for 40–80 km from the SP LMA center.
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the period where the diurnal flash counts remain rather constant. Therefore, an important claim of this work is
that the storm-based results by Bruning and MacGorman [2013] might also exhibit a strong climatological diurnal
component. The study further suggests that the transition from local sunrise to the afternoon convective maxi-
mum involves surface heating and updraft invigoration that carriesmoremoisture in themixed-phase and results
in higher concentrations of the necessary lightning-producing ingredients (i.e., graupel, ice crystals, and super-
cooled water, see Emersic and Saunders, 2010, and references therein). It is reasonable to hypothesize that the
consequent particle collisions in the afternoon storms lead to more frequent but more spatially restricted flash
discharges, given that the charge regions of opposite polarity are in closer proximity, as a result of the more
rigorousmixingwithin the thundercloud. Consistent with this and the findings in Figure 6, the stronger afternoon
precipitation mechanism and related latent heat release combined with the more vigorous turbulent updrafts
can promote a more heterogeneous charge distribution [Colgate, 1969] through smaller eddies, leading to
spatially “shorter” flashes of comparable horizontal/vertical extents [Bruning and MacGorman, 2013].

By reversing the previous hypothesis, we argue that the storms occurring in late evening through morning
hours have less capacity for turbulent mixing than the afternoon storms. The cloud mixing processes are

Figure 6. Joint histogram contour plot of flash vertical (y axis, in meters) and horizontal (x axis, in meters) extents for hourly diurnal segments. The color bar indicates
the flash counts percentage in each LST hourly bin.
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further suppressed by the limited precipitation-based latent heat release. Consequently, the thundercloud
charging process is slower, leading to sparser and less frequent particle collisions, hence limiting the flash dis-
charge rates [Moore and Vonnegut, 1977; Livingston and Krider, 1978; Koshak and Krider, 1989; Mach et al.,
2011]. As a result, it would be reasonable to assume that the storms occurring during this diurnal segment,
given the weakening of vertical turbulent mixing and greater influence of midlevel winds, distribute the
cloud charge in a more stratified manner, resulting in flashes of larger horizontal/vertical spans. Examples
of these would be the observed large horizontal IC flashes termed “anvil crawlers” [Fuelberg et al., 2014] or
CG lightning flashes in mesoscale stratiform precipitation [Lang et al., 2004]. This cycle is disrupted around
sunrise, when the surface heating gradually rebuilds the vertical moisture transport and invigorates vertical
mixing. The above tentative claims are best supported by examining the spatial characteristics of flashes on a
diurnal basis, instead of by an examination of the diurnal variability of flash counts. This last observation con-
stitutes one of the key findings of the present study.

Arguably, the previous speculations can be thought of as a simplified explanation of a multiparametric pro-
blem that involves the thunderstorm charging mechanism. For instance, the relationship between turbu-
lence regime and charging rates may well be far more complex than the mechanism proposed herein. For
example, one could speculate that high collision rates can occur throughout the convective updraft, along
a vertical path where turbulent eddies are present in varying magnitudes. Another parameter that could play
a role is the altitude at which these collisions take place, the dielectric characteristics of the aerosol content
but most importantly whether the microphysics are favorable for initiating a lightning discharge. In turn, the
flash length would also be dependent on the vertical and horizontal cloud dimensions. An electrical analogue
would be a large capacitor able to produce larger sparks between the oppositely charged plates compared to
a capacitor of smaller dimensions [Bruning and MacGorman, 2013]. It is possible that alternative mechanisms
from those described above (and references herein) will be present on a storm scale but also on a diurnal
basis over other regions worldwide. As a result, this study cannot claim that the featured results are expected
to be universally typical or representative of all storms. However, they are interesting on their ownmerits irre-
spective of whether they represent more widespread average diurnal processes. To further explore these
topics we are currently expanding our research to include spatial flash characteristics for much larger LMA
climatological data sets across the Contiguous United States (CONUS), which will also consider ground-based
weather radar observations.

The observations presented in this paper may help explain not only a part of the recent findings by Chronis et al.
[2015b] but also the results discussed in Orville [1990]. In Chronis et al. [2015b] the authors document a strong
diurnal component in the CG first return-stroke peak current, I, over the CONUS that exhibits a marked similarity
to the diurnal variation of the vertical flash extents shown here in Figure 2d. As discussed in Chronis et al. [2015b,
and references therein], the return stroke peak current I depends on the neutralization of the deposited CG leader
charge and is given by I= v λ(z) , where v is the return stroke speed and λ(z) is the linear charge density along an
assumed vertical CG leader channel’s vertical length, z. Although the LMAs are not very efficient in observing CG
leaders, we postulate that the diurnal variations in I found in Chronis et al. [2015b] may be linked to the CG flash
vertical extents, via a postulated positive correlation between flash channel extent and channel linear charge
density. However, the latter would requiremore in depth analysis that is currently beyond the scope of this paper.
Also, in light of the fundamental relationship between I, flash extent, and the production of lightning-related
nitrogen oxides, the findings in this studymay also be relevant to air qualitymodeling efforts [Koshak et al., 2014].
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